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ABSTRACT 


With the growing concerns about worldwide energy and environmental sustainability, heat pump 
water heaters and solar water heaters became popular in China after 2000. The combinations between 
the heat pump air conditioner, heat pump water heater and solar water heater brought about more 
energy saving operational modes besides those included in the above three appliances, which promoted 
the development of multifunctional heat pumps. The combinations also resulted in the higher 
utilization ratio and lower operational cost of the heat pump, then the payback time can be shortened 


Keywords: greatly. The rapid development of multifunctional heat pumps at the beginning of the 21st century in 
Heat pump China indicates its promising application prospect. 
Kea a The heat pump air conditioner was the fundamental component of a multifunctional heat pump. 
China Versatile configurations of multifunctional heat pumps were evolved from the integration of the 
Operational mode domestic water heat exchanger with the refrigerant loop of the heat pump air conditioner by various 
Configuration approaches. This paper reviewed the development of multifunctional heat pumps in China, mainly 
focusing on configuration features and operational modes of the heat pump. The configuration of a 
multifunctional heat pump fundamentally determines the initial cost, operating cost and operating 
reliability. Therefore, it is reasonable to make a compromise between the simplicity of the configuration 
and versatile operational modes in the design of the multifunctional heat pump under different 
application conditions. 
© 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction 


A heat pump is a device that can “pump” heat from a heat 
source to a higher temperature heat sink, which is somewhat 
analogous to a water pump. The heat pump is able to produce 
heat by using only small fraction of the required energy as 
William Thomson (later became to be known as Lord Kelvin) 
claimed in 1852, which was called “heat multiplier” [1]. 

There are two general kinds of heat pumps: vapor compression 
heat pumps and vapor sorption heat pumps, which are driven by 
the mechanical work and high-temperature heat energy, respec- 
tively. The vapor compression heat pumps were mostly con- 
cerned and they were denoted by “heat pump” in this paper 
with no particular definition. 

Air source heat pumps first proposed by Thomson use the 
ambient air as a heat source or sink, which have been most widely 
used due to their relatively easy and inexpensive installations. 
In 1855, Rittinger [2] built the first practical heat pump to dry salt 
in salt marshes in Austria. The first known record of the concept 
of using the ground as the heat source for a heat pump with a 
ground loop was in a Swiss Patent issued to Herinrich Zoelly in 
1912 [3]. However, the large temperature difference during 
periods of extreme cold or hot weather will lead to efficiency 
decline, which limited the application of heat pumps. 

Since Haldane [4] demonstrated in his detailed experiments 
that heat pump can be made to operate in either the heating 
mode or the cooling mode in 1927, the use of heat pumps has 
been highly successful in people’s homes from 1940s to 1950s, 
especially in those regions where both heating and cooling are 
required, because the cost of a heat pump system can be spread 
over both heating and cooling seasons. But in 1960s, the elec- 
tricity price was on the decline, the application of heat pumps 
was limited by their high initial costs and poor reliabilities 
compared with the electrical heaters. 

From the beginning of the 1970s, the heat pump was again 
found favor with people due to the oil crisis. Research was 
conducted to develop new technologies on the performance 
improvement of the heat pump in many countries. Alternative 
energy sources were also taken into consideration for heat pump 
energy production, such as solar energy, geothermal energy, etc. 
Hybrid energy source heat pumps began to be developed and the 
employment of energy sources for the heat pump in several ways 
were proposed by many researchers [5]. Especially, the employ- 
ment of solar energy was received considerable attentions [6-10]. 

In a solar assisted heat pump, solar energy is supplied to the 
evaporator for raising its temperature and then improving the 
system performance, while in a solar-driven heat pump the solar 
energy functions as the driven energy. The solar assisted heat 
pump can be further divided into two types: the conventional 
solar assisted heat pump (SAHP) or the indirect-expansion solar 
assisted heat pump (IX-SAHP), and the direct-expansion solar 
assisted heat pump (DX-SAHP) [6,7]. 

IX-SAHP was proposed in 1950s [8], in which the solar 
collector and outdoor heat exchanger (also called ambient heat 
exchanger) were separate units and water was usually used as the 
collector fluid. DX-SAHP was proposed after IX-SAHP [9], in which 
the solar collector and outdoor heat exchanger were combined 


into one unit. The refrigerant from the condenser was expanded 
and boiled directly in the solar collector/evaporator, which can 
improve the thermal performance due to the elevated evaporating 
temperature from the direct solar energy input. 

The early solar assisted heat pumps were usually classified as 
parallel, series and dual-source systems according to the source of 
heat supplied to the evaporator [10]. In the series system, only 
solar energy was supplied to the outdoor heat exchanger, thus the 
IX-SAHP can provide the solar assisted space heating and solar 
water heating operational modes. In the parallel system, the 
refrigerant loop and solar collector fluid loop were connected in 
parallel with the indoor heat exchanger (also called service heat 
exchanger), thus the collected solar energy was supplied directly 
for the space heating and the heat pump received energy only 
from the atmosphere. The dual-source system was a hybrid of the 
series and parallel systems. 

The development of heat pumps in China was relatively late 
compared with the developed countries [11]. The earliest 
research was started in Tianjin University in the 1950s but the 
industrial application of heat pump began at the beginning of the 
1960s. The first window-type heat pump air conditioner was 
developed by Shanghai Refrigerator Factory in 1965, but its 
application was blocked due to the poor reliability of the four- 
way valve. In the same year, the first water source heat pump was 
developed by Tianjin Refrigerating Machine Works and Tianjin 
University. 

In the 1970s and 1980s, the advanced production lines of heat 
pump air conditioners began to be brought in from abroad. Split- 
type air conditioners were developed. The applications of air 
source industrial and residential heat pumps increased as well as 
water source and ground source heat pumps. 

Late in 1980s, considerable attentions have been given to the 
autonomic research and development of heat pumps [12,13]. In 
the 1990s, the production of heat pumps increased dramatically 
and heat pump air conditioners became widespread in China as 
well as the water source heat pump air conditioning systems. 
China also became one of the biggest producers of heat pump air 
conditioners. Most of the research focused on the improvement of 
the heat pump configuration and performance. 

Impacted from the worldwide energy shortage, the ground 
source heat pump [14,15], solar assisted heat pump and solar- 
ground heat pump [16,17] also began to be developed in the 
1990s. The functional modes of heat pumps also began to change 
from the common space cooling and space heating, for example, 
heat pumps can possess the common space cooling and heat 
pump water heating functional modes together [12,15]. 

In the 21st century, the heat pump air conditioner and water 
heater gradually became the necessities for residences and work- 
places as the living standard improved in China. The heat pump 
water heater was developed rapidly due to its safety and 
electricity saving merits compared with the gas water heater 
and the electric water heater, but its high initial cost and low 
utilization ratio limited its applications as well as the solar water 
heater. 

The heat pump air conditioner, heat pump water heater and 
solar water heater cannot provide the three necessary functions 
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Table 1 
The outline of the different types of the introduced multifunctional heat pumps. 
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Categories Types 


Two-heat-exchanger (A) A four-way valve employed systems 


systems 
Three-heat-exchanger (A) A third heat exchanger 
systems integrated between the compressor four-way valve 


and four-way valve 


(B) A third heat exchanger integrated after the 


(B) No four-way valve employed systems 


(C) A third heat exchanger integrated in parallel 
with the four-way valve 


(A1) Connected in (A2) (B1) Connected in (B2) Connected in (C1) (C2) Connected with a four-way 
serial Connected serial parallel Connected valve 
in parallel with a 

two-way 

(three- 

way) valve 

Multi-heat-exchanger (A) High temperature water (B) Thermal storage systems (C) Supplementary heat source (D) Recuperating systems 
systems systems systems 
of modern life separately: space cooling, space heating 6 
and domestic water heating. Therefore, the combination 13 BAS 
between the heat pump air conditioner and heat pump water =i 5 ET 
heater or the solar water heater was inevitable, which led to 10X 
the multifunctional heat pump came into being. The multi- 4 eo 
functional heat pump can be defined as a heat pump with the 
above three necessary functions of modern life. The rapid G8 2 3 
development of multifunctional heat pumps at the beginning 
of the 21st century in China indicates its promising application 
16 
prospect. 
11 12 


The combination of the heat pump air conditioner and heat 
pump water heater [18] appeared earlier than that of the heat 
pump air conditioner and solar water heater [19], which are the 
two major development approaches of the multifunctional heat 
pumps. These combinations brought about more energy saving 
operational modes besides the modes included in the above three 
appliances, which resulted in the higher utilization ratio of the 
heat pump and lower operational cost, therefore, the payback 
time can be shortened greatly. 

The heat pump air conditioner is the fundamental part of the 
multifunctional heat pump because it embodies two of the three 
necessary functions. Namely, the compressor, indoor heat 
exchanger, outdoor heat exchanger and expansion valve which 
are the four necessary components in the refrigerant loop of a 
heat pump air conditioner should be included in a multifunctional 
heat pump, and moreover, a hot water heat exchanger is also 
necessary for domestic water heating. Therefore, the integrating 
means of the hot water heat exchanger in the refrigerant loop will 
mainly determine the configuration of a multifunctional heat 
pump. According to the amount of heat exchangers in the 
refrigerant loop, multifunctional heat pumps can be classified in 
the following three categories: (1) two-heat-exchanger systems; 
(2) three-heat-exchanger systems; (3) multi-heat-exchanger 
systems. 

In the following chapters, the paper will introduce the devel- 
opment of the multifunctional heat pumps in China which are 
outlined in Table 1, and mainly focused on configuration features 
and operational modes of these heat pumps. 


2. Two-heat-exchanger systems 


In the two-heat-exchanger system, the domestic water heat 
exchanger was directly integrated into the outdoor or indoor heat 
exchanger. According to the employment of the four-way valve in 
the refrigerant loop, the two-heat-exchanger system can be 
further divided into the following two types: (A) a four-way valve 
employed; (B) no four-way valve employed. 


Fig. 1. Flow chart of a two-heat-exchanger system in which the domestic water 
heat exchanger was combined with the outdoor heat exchanger: (1) compressor; 
(2) outdoor compound heat exchanger; (3) indoor heat exchanger; (4) solar 
collector; (5) domestic water tank; (6) auxiliary water tank; (7, 8) water pumps; 
(9, 12) water valves; (13, 14) expansion valves; (15) check valve; (16) four-way 
valve; (17) auxiliary water heat exchanger [20]. 


2.1. A four-way valve employed 


In 2007, Zhou et al. [20] proposed a two-heat-exchanger 
system evolved from the series system of IX-SAHP, in which a 
four-way valve was employed and a tube-in-tube compound heat 
exchanger combined the domestic water heat exchanger and 
outdoor heat exchanger into one unit (Fig. 1). The inner and outer 
tubes of the compound heat exchanger were the water and 
refrigerant channels, respectively. In the air side of the compound 
heat exchanger, there were fins outside the outer tubes. 

The system provided five operational modes: common space 
cooling, common space heating, space cooling/heat pump water 
heating, solar assisted space heating and solar water heating. 
In the space cooling/heat pump water heating mode. The system 
can operate for space cooling and heat pump water heating 
simultaneously. 

Though the system can produce enough domestic water in the 
space cooling season by the solar water heating or heat pump 
water heating, the domestic water can only produced by the solar 
water heating mode in the space heating season, because the 
compound heat exchanger cannot function as a condenser in the 
common space heating or solar assisted space heating modes. 
Therefore, the domestic water production depended heavily on 
the weather in the space heating season. 

Zhou et al. [21] also proposed a similar solar assisted two- 
heat-exchanger system, but the ground source was supplied to 
the heat pump instead of air source, in which the compound heat 
exchanger was transformed as three channel type for exchanging 
heat between the refrigerant, domestic water and geothermal 
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fluid. The system provided the same operational modes with the 
similar special compound heat exchanger, which simplified the 
configuration of the heat pumps but increased difficulties in 
manufacture. 

In 2005, Sun et al. [22] described a two-heat-exchanger system 
from the parallel system of IX-SAHP, in which a four-way valve 
was employed and a common water-refrigerant heat exchanger 
combined the domestic water heat exchanger and the indoor heat 
exchanger into one unit (Fig. 2). The system provided five 
operational modes: common space cooling, common space heat- 
ing, heat pump water heating, solar water heating and solar space 
heating. 

Though the system can produce enough domestic water in the 
space heating season by the solar water heating or heat pump 
water heating mode, the domestic water can also only produced 
by the solar water heating mode in the space cooling season, 
because the indoor heat exchanger cannot function as a conden- 
ser in the common space cooling mode. Therefore, the domestic 
water production depended heavily on the weather in the space 
cooling season. 

Yuan [23] presented a similar solar assisted two-heat- 
exchanger system which provided the same operational modes. 
In the system a gas fired boiler was employed for water heating in 
case of insufficient sunshine, but the resulting additional heat 
source loop add intricacy to the system configuration. 

In 2007, Luo [24] designed a two-heat-exchanger system, in 
which a four-way valve was employed and the domestic water 
tank heat exchanger was integrated into the outdoor and indoor 
heat exchangers together (Fig. 3). Similar to Ref. [20], a special 
compound heat exchanger was also used in place of the outdoor 
heat exchanger. Moreover, it can absorb solar energy from its air 
side surface to produce domestic water. Therefore, the system 
provided two additional operational modes: heat pump water 
heating and solar assisted water heating. In the solar assisted 
water heating mode, the solar energy was used as heat source for 
the heat pump water heating to increase the evaporating tem- 
perature and then improve heat pump performance in low 
ambient temperature seasons. 

But this system also cannot ensure the domestic water supply 
when the sunshine was insufficient in the space cooling season 
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Fig. 2. Schematic diagram of a two-heat-exchanger system in which the domestic 
water heat exchanger was combined with the indoor heat exchanger: (1) solar 
collector; (2, 19, 20) water pumps; (3) auxiliary water tank; (4) fan coil; (5) air- 
conditioning room; (6) domestic water tank; (7) valve; (8) four-way valve; 
(9) filter; (10, 13) water pumps; (11) reservoir; (12) outdoor heat exchanger; 
(14) expansion valve; (15) auxiliary water outlet; (16) indoor heat exchanger; 
(17) compressor; (18) three-way valve [22]. 
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Fig. 3. Schematic view of a two-heat-exchanger system in which the domestic 
water tank heat exchanger was integrated into the indoor and outdoor heat 
exchangers together: (1) fan coil; (2, 7, 16, 17) water valves; (4) domestic water 
tank; (5, 9) control valves; (6) indoor heat exchanger; (8) water pump; (10) four- 
way valve; (11, 15) bypass valves; (12) compressor; (13) outdoor compound heat 
exchanger; (14) expansion valve [24]. 


because the heat pump water heating mode cannot be operated 
due to the indoor heat exchanger functioning as the evaporator. 
Problems in manufacture of the special outdoor compound heat 
exchanger were also remained. 


2.2. No four-way valve employed 


In 2009, He et al. [26] introduced a two-heat-exchanger system, 
in which no four-way valve was employed and the domestic 
water heat exchanger was integrated into the outdoor heat 
exchanger with a special heat pipe type compound heat exchan- 
ger and an auxiliary water heat exchanger was integrated into the 
indoor heat exchanger (Fig. 4). The domestic water tank and 
auxiliary water tank were connected in parallel with the fan-coil 
in the water loop. The system provided not only the seven 
operational modes included in the system of Ref. [24], but also 
the solar space heating mode. Of course, the water loops became 
very complicated. 


2.3. Summary 


In order to provide the three necessary functions: space cool- 
ing, space heating and domestic water heating, one of the outdoor 
and indoor heat exchangers should be at least combined with the 
domestic water heat exchanger in the above two-heat-exchanger 
systems [20-26], which brings two limitations. If the outdoor 
heat exchanger is combined with the domestic water heat 
exchanger, a special compound heat exchanger should be 
employed to absorb the air heat for the common space heating 
mode and an additional heat source should be employed for 
water heating in winter time. If the indoor heat exchanger is 
combined with the domestic water heat exchanger, an auxiliary 
domestic water tank and an additional heat source should be 
employed for water heating in the space cooling season. 

Refrigerant loops of these two-heat-exchanger systems are 
similar to those of the heat pump air conditioners, simple and 
reliable. But the second refrigerant loops, i.e. the domestic water 
loop and solar collector fluid loop became complex in order to 
operate the various modes, which is more obvious for the systems 
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Fig. 4. Sketch of a two-heat-exchanger system in which the domestic water and auxiliary water heat exchangers were combined with the indoor and outdoor heat 
exchangers respectively: (1, 2, 6) heat pipe heat exchangers; (3) compressor; (4, 5, 16, 22) three-way solenoid valves; (7) outdoor heat exchanger; (8, 11, 14, 18-21) water 
pumps; (9) expansion valve; (10) indoor heat exchanger; (12) electric heater; (13) solar collector; (17) auxiliary water tank; (20) domestic water tank; (23) two-way 


solenoid valve; (25) fan coil [26]. 


without a four-way valve. Therefore, two-heat-exchanger systems 
are more suitable for large-size applications considering the 
potential manufacture difficulties inherent in the special com- 
pound heat exchanger and potential control problems inherent in 
switching of the operational modes with complicated second 
refrigerant loops. 


3. Three-heat-exchanger systems 


Because the air-cooled indoor and outdoor heat exchangers 
were very popular in many heat pump applications, additional 
domestic water heat exchanger was necessary in the refrigerant 
loop for such applications to provide the three necessary func- 
tions of the multifunctional heat pump. According to the location 
of the domestic water heat exchanger in the refrigerant loop, the 
three-heat-exchanger systems can be further divided into the 
following three types: (A) between the compressor and four-way 
valve; (B) after the four-way valve; (C) in parallel with the four-way 
valve. 


3.1. The domestic water heat exchanger integrated between the 
compressor and four-way valve (A) 


In this type of three-heat-exchanger systems, the domestic 
water heat exchanger was integrated into the high pressure 
refrigerant lines between the compressor and four-way valve. 
The integration can be further divided into the following two 
types: (A1) connection in serial; (A2) connection in parallel. 


3.1.1. Connection in serial with the high pressure refrigerant lines 
(A1) 

Peng [27] proposed a three-heat-exchanger system of type A1 
with two bypass lines for the indoor and outdoor heat exchangers 
in 2005, in which the domestic water heat exchanger was 
connected in serial with high pressure refrigerant lines between 
the compressor and four-way valve, and can only function as a 
condenser for heat pump water heating (Fig. 5). The system 
provided four operational modes: common space cooling, com- 
mon space heating, heat pump water heating and space cooling/ 
heat pump water heating. 

The employment of bypass lines for indoor and outdoor heat 
exchangers can eliminate the unnecessary pressure losses in 
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Fig. 5. Flow sheet of a three-heat-exchanger system of type A1 with bypass lines 
for the indoor and outdoor heat exchangers: (1) domestic water tank; (2) water 
pump; (3) domestic water heat exchanger; (4) four-way valve; (5) compressor; (6, 
8) solenoid valves; (7) expansion valve; (9) indoor heat exchanger; (10) outdoor 
heat exchanger [27]. 


these heat exchangers when the heat pump operated in the heat 
pump water heating and space cooling/heat pump water heating 
modes, which is helpful to improve the thermal performance. 
But it resulted in potential serious control problems because the 
solenoid pilot actuated valves cannot ensure the two-direction 
refrigerant flow controls in bypass lines. 

The earliest similar system did not employ the bypass lines 
[18] and some other similar systems only employed one bypass 
line for the indoor heat exchanger [28-30], but they provided the 
same four operational modes as the system in Ref. [27]. 

In 2008, Mu [31] presented a three-heat-exchanger system of 
type Al with a refrigerant rectification module consisted of a 
receiver, an expansion valve, a filter-dryer and four check valves, 
in which the refrigerant can flow through the receiver and 
expansion valve in the same direction and the necessary refrig- 
erant masses can be effectively regulated in different operational 
modes (Fig. 6). 
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Fig. 6. Cycle layout of a three-heat-exchanger system of type A1 with a refrigerant rectification module: (5) heat recovery heat exchanger; (6) compressor; (7) domestic 
water heat exchanger; (8) outdoor heat exchanger; (9) indoor heat exchanger; (10) filter-dryer; (11) expansion valve; (12) water pump; (15) gas-liquid separator; 
(16) receiver; (17-20) check valves; (21) domestic water tank; (22) four-way valve [31]. 


3.1.2. Connection in parallel with the high pressure refrigerant 
lines (A2) 

In 2006, Li [32] designed a three-heat-exchanger system of 
type A2 with a bypass line for the indoor and outdoor heat 
exchangers, in which the domestic water heat exchanger was 
connected in parallel with high pressure refrigerant lines between 
the compressor and four-way valve (Fig. 7). The domestic water 
heat exchanger can also function only as a condenser for heat 
pump water heating, and its start-stop was controlled by a two- 
way valve. 

The bypass line in this system was connected in parallel with 
the four-way valve, which was different from the way in the 
system of Ref. [27] but for the same purpose and effect, i.e., the 
unnecessary pressure losses can be eliminated in the indoor and 
outdoor heat exchangers when the heat pump operated in the 
heat pump water heating and space cooling/heat pump water 
heating modes. It resulted in superior reliable control perfor- 
mance of the system in the same four operational modes due to 
the reliable one way refrigerant flow control from the solenoid 
valve and check valve on the bypass line, when compared with 
the bypass line design in Ref. [27]. 

The earliest three-heat-exchanger system of type A2 did not 
employ the bypass line [33], while the bypass line designs in 
some other systems of type A2 [34,35] were similar to the design 
in Ref. [27]. 

In 2009, Ye [36] also introduced an interesting three-heat- 
exchanger system of type A2 with three four-way valves, in which 
the second four-way valve replaced the solenoid valve 81 in the 
system of Ref. [32] and a third four-way valve replaced the two 
solenoid valves in the system of Ref. [27] (Fig. 8). The new bypass 
line designs ensured reliable operations of the same four modes 
as Ref. [32]. 

In 2009, Wang et al. [37] proposed a three-heat-exchanger 
system of type A2 with a refrigerant rectification module con- 
sisted of a receiver, two expansion valves, and two check valves 
(Fig. 9), in which a solar collector was integrated into the 
domestic water heat exchanger, indoor and outdoor heat exchan- 
gers with the domestic water and collector fluid loops respec- 
tively. Therefore, this system provided additional three 
operational modes of solar assisted water heating, solar assisted 
space heating and solar water heating compared with the above 
type A2 system. 
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Fig. 7. Schematic view of a three-heat-exchanger system of type A2 with a 
different bypass line for indoor and outdoor heat exchangers: (1) compressor; 
(2) domestic water heat exchanger; (3) outdoor heat exchanger; (4) indoor heat 
exchanger; (5, 6) expansion valves; (7) four-way valve; (81, 82) solenoid valves; 
(91-93) check valves [32]. 


Besides the utilization of solar energy in the above three 
modes, the solar energy can also be used for regeneration of the 
non-freezing solution, which will ensure the reliable operation of 
the system in severe winter conditions. 

From the above discussions on Refs. [27-37], it can be found 
that the operational modes in the type A1 and A2 systems are the 
same, but the type A2 system possesses the potential superior 
thermal performance due to the elimination of the unnecessary 
pressure loss in the serial connected domestic water heat 
exchanger of the type A1 system in the common space cooling 
mode or common space heating mode. 

Though the integration of the domestic water heat exchanger 
between the compressor and four-way valve of the refrigerant 
loop is a simple and practical way, the domestic water heat 
exchanger cannot function as an evaporator because it is always 
connected in the high pressure line of the refrigerant loop. 


3.2. The domestic water heat exchanger integrated after the 
four-way valve (B) 


In this type of the three-heat-exchanger system, the domestic 
water heat exchanger was integrated into the refrigerant lines 
after four-way valve. The integration of the domestic water heat 
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Fig. 8. Schematic diagram of a three-heat-exchanger system of type A2 with three four-way valves: (A1) indoor heat exchanger; (B1) compressor; (B2) outdoor heat 
exchanger; (B3) second four-way valve; (B4) original four-way valve; (B5) third four-way valve; (B6, B7) solenoid valves; (B8) expansion valve; (C1) domestic water heat 
exchanger; (C2) water pump; (C3) domestic water tank [36]. 
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Fig. 9. Schematic drawing of a solar assisted three-heat-exchanger system of type A2 with a refrigerant rectification module: (1) compressor; (2,16-19) solenoid valves; 
(3) four-way valve; (4) LLL indoor heat exchanger; (5, 6) check valves; (7, 8) expansion valves; (9) receiver; (10) outdoor heat exchanger; (11) domestic water tank; (12) 
fan coil; (13) water pump; (14) collector fluid-water heat exchanger; (15) gas-liquid separator; (20) collector fluid pump; (21) cooling tower; (22) solar collector [37]. 


exchanger with the indoor and outdoor heat exchangers can be 
further divided into the following two types: (B1) connection in 
serial; (B2) connection in parallel. 


3.2.1. Connection in serial with the indoor and outdoor heat 
exchangers (B1) 

In 2006, Ding [38] described a three-heat-exchanger system of 
type B1 with a domestic water heat exchanger connected in serial 
between the four-way valve and outdoor heat exchanger, in 
which a solar collecting loop was integrated (Fig. 10). The 
domestic water heat exchanger can function as a condenser for 
the space cooling/heat pump water heating mode in the space 
cooling season and can also function as an evaporator for the hot 
water defrosting mode in the space heating season. In the hot 
water defrosting mode, the heat energy stored in the domestic 
hot water can be supplied for the fast defrosting to save electricity 
in the space heating season. 


Thus the system can provide six operational modes: common 
space cooling, common space heating, space cooling/heat pump 
water heating, hot water defrosting and solar assisted space 
heating, solar water heating. Because there was no expansion 
valve between the domestic water heat exchanger and outdoor 
heat exchanger, the system cannot operate in the heat pump 
water heating mode. Hence the air source was unavailable for the 
water heating, and then domestic water supply depended heavily 
on the weather. 

The early similar three-heat-exchanger system of type B1 did 
not employ the solar collecting loop [39], therefore, the solar 
assisted space heating and solar water heating modes were not 
included in the above six operational modes. 

In 2006, Wang et al. [40] presented a three-heat-exchanger 
system of type B1 with a domestic water heat exchanger con- 
nected in serial between the indoor and outdoor heat exchangers, 
in which a solar collecting loop was also integrated but two 
expansion valves were employed (Fig. 11). Therefore, the heat 
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Fig. 10. Sketch of a three-heat-exchanger system of type B1 with a domestic 
water heat exchanger connected in serial between the four-way valve and outdoor 
heat exchanger: (1) compressor; (2) four-way valve; (3) domestic water heat 
exchanger; (4) outdoor heat exchanger; (5) expansion valve; (6) indoor heat 
exchanger; (7) gas-liquid separator; (8, 11) water valves; (9) water pump; (10) 
solar collector; (12) solenoid valve [38]. 
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Fig. 11. Flow chart of a three-heat-exchanger system of type B1 with a domestic 
water heat exchanger connected in serial between the indoor and outdoor heat 
exchangers: (1) compressor; (4) four-way valve; (9) indoor heat exchanger; 
(12,20) expansion valves; (13,21) solenoid valves; (14) domestic water tank; 
(15) solar collector; (16) water inlet; (17) water export; (18) domestic water heat 
exchanger; (22) outdoor heat exchanger [40]. 


pump water heating operational mode was operated besides the 
six modes included in the system of Ref. [38]. A bypass line for the 
domestic water heat exchanger was also employed, and then the 
unnecessary pressure loss in the domestic water heat exchanger 
can be eliminated when the heat pump only operated with the 
indoor and outdoor heat exchangers. But the thermal perfor- 
mance of the system still degraded in the operational modes with 
only one of the indoor and outdoor heat exchangers, because no 
bypass line was employed for either of the two heat exchangers. 

The earliest three-heat-exchanger system of type B1 [41] was 
similar to the system in Ref. [40] but did not employ the solar 
collecting loop, therefore, the solar assisted space heating and 
solar water heating mode were not included. 

In 2008, Zhu et al. [42] designed a three-heat-exchanger system 
of type B1 with a domestic water heat exchanger connected in serial 
between the four-way valve and indoor heat exchanger, in which 
two expansion valves were also employed but no solar collecting 
loop was integrated (Fig. 12). Three bypass lines were employed for 
three heat exchangers respectively, hence, each pair of the three 
heat exchangers can be coupled as a condenser and an evaporator or 
vice versa. If a solar collecting loop was integrated into the domestic 
water heat exchanger, the system provided the same operational 
modes as the system in Ref. [40]. 
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Fig. 12. Cycle layout of a three-heat-exchanger system of type B1 with a domestic 
water heat exchanger connected in serial between the four-way valve and indoor 
heat exchanger: (1) compressor; (2) outdoor heat exchanger; (3) expansion valve; 
(4) indoor heat exchanger; (5) domestic water heat exchanger; (6) water inlet; 


(7) water outlet; (8) four-way valve; (10-12) bypass valves; (15) fan [42]. 
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Fig. 13. Schematic drawing of a three-heat-exchanger system of type B2 with a 
domestic water heat exchanger connected in parallel with the indoor heat 
exchanger: (1) compressor; (2) four-way valve; (3, 4) solenoid valves; (5) indoor 
heat exchanger; (6a, 6b, 8) capillary tubes; (6c) check valve; (7) domestic water 
tank; (9) outdoor heat exchanger; (11) receiver; (12) filter [43]. 


From the above discussions on Refs. [38-42], it can be found 
that if two expansion valves and three bypass lines are employed 
as the system in Ref. [42], each pair of the three heat exchangers 
in the type B1 system can be coupled as the condenser and 
evaporator or vice versa, no matter where the domestic water 
heat exchanger is integrated after the four-way valve. Therefore, 
type B1 systems can provide all the operational modes as the 
system in Ref. [42]. 

Though the integration of the domestic water heat exchanger 
into the refrigerant loop after the four-way valve is also a simple 
and practical way, it almost cannot find a suitable location to 
place a refrigerant receiver which is very important for effective 
refrigerant managements in different operational modes. Therefore, 
it limits the applications of type B1 systems. 


3.2.2. Connection in parallel with the indoor or outdoor heat 
exchanger (B2) 

In 2004, Huang [43] proposed a three-heat-exchanger system 
of type B2 with a domestic water heat exchanger connected in 
parallel with the indoor heat exchanger after the four-way valve, 
in which no solar collecting loop was integrated (Fig. 13). Hence, 
the domestic water heat exchanger and indoor heat exchanger 
can function as a condenser separately or simultaneously as well 
as an evaporator, but they cannot be coupled as the condenser 
and evaporator to operate the space cooling/heat pump water 
heating mode. Thus the system can only provide four operational 
modes: common space cooling, common space heating, heat 
pump water heating and hot water defrosting. 
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In 2004, Chen [44] investigated a three-heat-exchanger system 
of type B2 with a domestic water heat exchanger connected in 
parallel with the outdoor heat exchanger after the four-way valve, 
in which a solar collecting loop was integrated and a refrigerant 
rectification module consisted of a receiver, two expansion valves, 
a sight glass, a filter-dryer and four check valves was employed 
(Fig. 14). Hence, the domestic water heat exchanger and outdoor 
heat exchanger can function as a condenser separately or simul- 
taneously as well as an evaporator, but they cannot be coupled as 
the condenser and evaporator to operate the heat pump water 
heating mode. The system provided five operational modes: 
common space cooling, common space heating, space cooling/ 
heat pump water heating, solar assisted space heating and solar 
water heating. 

Similar systems were studied such as a geothermal-solar heat 
pump [45], systems integrated with a compound water tank [46] 
or an ejector [47]. 

In 2009, Wang et al. [48] presented a three-heat-exchanger 
system of type B2 with a domestic water heat exchanger con- 
nected in parallel with the indoor and outdoor heat exchangers 
together after the four-way valve, in which a solar collecting loop 
was integrated and a refrigerant rectification module consisted of 
a receiver, three expansion valves, two solenoid valves, a filter- 
dryer and three check valves was employed (Fig. 15). 
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Fig. 14. Schematic diagram of a three-heat-exchanger system of type B2 with a 
domestic water heat exchanger connected in parallel with the outdoor heat 
exchanger: (1) compressor; (2) four-way valve; (3) domestic water heat exchan- 
ger; (4) water pump; (5) domestic water tank; (6) outdoor heat exchanger; 
(7) solar collector; (8) receiver; (9) filter-dryer; (10) sight glass; (11,12) expansion 
valves; (13) indoor heat exchanger; (14) oil separator [44]. 


Because each pair of the three heat exchangers can be coupled 
as a condenser and an evaporator or vice versa, the system can 
provide all of the seven operational modes included in the 
systems of Refs. [43,44]. 

The system was evolved from two primary systems [49,50] 
with few expansion valves but more solenoid valves and check 
valves. Other early similar systems usually did not employ the 
refrigerant rectification module [51,52]. 

From the above discussions on Refs. [43-52], it can be found 
that the refrigerant rectification module can be easily employed 
in the type B2 system for the refrigerant management in various 
operational modes. Compared with the type B1 system, the type 
B2 system possesses the potential superior operational reliability 
resulting in a better thermal performance. 

Besides, researchers realized that the ordinary solenoid pilot 
actuated valves cannot ensure the two-direction refrigerant flow 
control, but tailored direct action solenoid valves are expensive. 
Therefore, it remained as a key problem which confines the 
application of type B2 systems. 


3.3. The domestic water heat exchanger integrated in parallel with 
the four-way valve (C) 


In this type of three-heat-exchanger system, the domestic 
water heat exchanger was integrated into the refrigerant lines 
in parallel with the original four-way valve. These systems can be 
further divided into the following two types according to the 
connecting valve: (C1) connection with a two-way or three-way 
valve; (C2) connection with a four-way valve. 


3.3.1. Connection with a two-way or three-way valve (C1) 

In 2005, Liu [53] proposed a three-heat-exchanger system of 
type C1 with a domestic water heat exchanger connected in 
parallel with the original four-way valve, in which one end of the 
heat exchanger was connected with the junction line between the 
compressor and four-way valve with a two-way valve, and the 
other end was connected with the junction line between indoor 
and outdoor heat exchangers (Fig. 16). 

Because the domestic water heat exchanger was placed in the 
high pressure line of the refrigerant loop, it can only function as a 
condenser. Therefore, the system can provide four operational 
modes: common space cooling, common space heating, heat 
pump water heating and space cooling/heat pump water heating. 


Fig. 15. Flow sheet of a three-heat-exchanger system of type B2 with a domestic water heat exchanger connected in parallel with the indoor and outdoor heat exchangers: 
(1) compressor; (2) indoor heat exchanger; (3) domestic water heat exchanger; (4) outdoor heat exchanger; (5) domestic water tank; (6) solar collector; (7) receiver; 
(8) filter-dryer; (9-11) expansion valves; (12) four-way valve; (13) gas-liquid separator; (14) water pump; (15,16) three-way valves; (17-19) check valves [48]. 
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Fig. 16. Sketch of a three-heat-exchanger system of type C1 in which a domestic 
water heat exchanger was connected with a two-way valve and no receiver was 
employed: (1) indoor heat exchanger; (4-6) capillary tubes; (7, 26) check valve; 
(8, 12, 27) solenoid valves; (9) four-way valve; (10) gas-liquid separator; (11) 
compressor; (14) outdoor heat exchanger; (15) shower; (16) solenoid water 
valves; (17) water inlet; (18) domestic water tank; (19) water outlet; (21) 
domestic water heat exchanger; (25) outdoor heat exchanger [53]. 
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Fig. 17. Diagram of a three-heat-exchanger system of type C1 in which a domestic 
water heat exchanger was connected with a three-way valve and a receiver was 
employed: (1) indoor heat exchanger; (4, 5, 8, 9) check valves; (6) receiver; 
(7) expansion valve; (10) four-way valve; (11) gas-liquid separator; (12) com- 
pressor; (13) three-way valve; (15) solenoid water valves; (16) water inlet; (17) 
domestic water tank; (18) water export; (20) domestic Water heat exchanger; (24) 
outdoor heat exchanger [58]. 


This system and the other early similar systems [54-56] all 
employed the refrigerant rectification module but without the 
receiver, and some of type C1 systems [54,56] employed a three- 
way valve in place of the two-way valve for connecting the 
domestic water heat exchanger. The similar system was also 
applied for the ground source heat pump [57]. 

In 2007, Liu [58] proposed an improved three-heat-exchanger 
system of type C1 with a three-way valve for connecting the 
domestic water heat exchanger and a refrigerant rectification 
module consisted of a receiver, an expansion valve and four check 
valves (Fig. 17). The system also provided the same four opera- 
tional modes as the system in Ref. [53] but better refrigerant 
managements in different operational modes. 

A similar refrigerant rectification module was also employed 
in the similar system of Ref. [59], but two two-way valves were 
used in place of the three-way valve. 
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Fig. 18. Flow chart of a three-heat-exchanger system of type C2 in which a 
domestic water heat exchanger was connected with a four-way valve and no 
receiver was employed: (1) compressor; (2) domestic water heat exchanger; 
(3) second four-way valve; (4) original four-way valve; (5) outdoor heat exchanger; 
(6) indoor heat exchanger; (8) capillary; (9-12) expansion valves [60]. 


Fig. 19. Cycle layout of a three-heat-exchanger system of type C2 in which a 
domestic water heat exchanger was connected with a four-way valve and a 
receiver was employed: (1) compressor; (2) indoor heat exchanger; (3) domestic 
water heat exchanger; (4) outdoor heat exchanger; (5) receiver; (6) filter-dryer; 
(7) original four-way valve; (8) second four-way valve; (9-11) expansion 
devoices; (15-17) solenoid valves; (18) domestic water tank; (19, 21) water 
pumps; (20) auxiliary water heat exchanger [63]. 


3.3.2. Connection with a four-way valve (C2) 

In 2003, Chen [60] introduced a three-heat-exchanger system of 
type C2 with a domestic water heat exchanger connected in parallel 
with the original four-way valve, in which a four-way valve replaced 
the two-way valve or three-way valve in the system of type C1 for 
connecting the domestic water heat exchanger (Fig. 18). 

The advantage of employing the second four-way valve was 
that one end of the domestic water heat exchanger can be 
connected to the suction line of the compressor. Hence, the 
domestic water heat exchanger can function as an evaporator as 
well as a condenser, which can add two important energy saving 
modes: the hot water defrosting mode and solar assisted space 
heating mode if a solar collecting loop was integrated into the 
type C2 system. 

The similar systems [61,62] provided the same operational 
modes as the system in Ref. [60], and employed the similar 
refrigerant rectification module without the receiver. 

In 2010, Wang et al. [63] presented a three-heat-exchanger 
system of type C2 with a refrigerant rectification module consisted 
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of a receiver, a filter-dryer, three expansion valves, three solenoid 
valves and three check valves, in which the outdoor heat exchanger 
was connected in parallel with the original four-way valve and 
different heat sources can be used as the supplementary heat source 
(Fig. 19). Therefore, compared with the system in Ref. [60], the 
system provided not only additional two operational modes: solar 
assisted space heating and solar water heating, but also better 
refrigerant management. 

The systems in Ref. [64,65] employed the similar refrigerant 
rectification modules with a receiver, but employed one expan- 
sion valve and two expansion valves respectively. 

From the above discussions on Refs. [53-65], it can be found 
that the type C2 system is better than the type C1 system from 
the view of supplementary heat energy exploitation, because each 
pair of the three heat exchangers can be coupled as a condenser 
and an evaporator or vice versa in the type C2 system due to the 
employment of the second four-way valve. 


3.4. Summary 


The type C1 system is similar to the type A system because the 
domestic water heat exchanger in these systems always operates 
in high pressure, hence it cannot function as an evaporator, and 
then the system lacks two operational modes compared with the 
type C2 system. On the other hand, the operational modes of the 
type C2 system are similar to those of the type B2 system because 
the three heat exchangers are all connected in parallel. Morever, 
the type C2 system is better than the type B2 system from the 
view of the reliable and effective operations, because a cheap and 
reliable four-way valve in the type C2 system replaces the 
expansive reversible two-way or three-way direct action solenoid 
valves in the type B2 system, which is beneficial to the application 
of three-heat-exchanger systems. 

From the evolution of the three-heat-exchanger systems of 
type A, type B and type C, it can be found that the configurations 
as well as operational modes of three-heat-exchanger systems 
mainly depend on the location of the domestic water heat 
exchanger in the refrigerant loop. The integrations of the receiver, 
expansion devices, solenoid valves and check valves are also 
necessary for the reliable and effective operation of these multi- 
functional systems, which are the key and difficult points in the 
design. Though the refrigerant loops become complicated in these 
systems compared with two-heat-exchanger systems, the second 
refrigerant loops are simplified greatly to operate the various 
modes. Therefore, three-heat-exchanger systems are especially 
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suitable for the middle-size or small-size air source heat pump 
applications. 


4. Multi-heat-exchanger systems 


Though three-heat-exchanger systems have embodied energy 
saving operational modes to fulfill the three necessary functions, 
it was still needed to add some additional heat exchangers in the 
refrigerant loop to further improve the performance of the multi- 
functional heat pumps. According to the functions of additional 
heat exchangers, multi-heat-exchanger systems can be further 
divided into the following four types: (A) high temperature water 
systems; (B) thermal storage systems; (C) supplementary heat 
source systems; (D) recuperating systems. 


4.1. High temperature water systems 

In 2007, Chen [66] designed a four-heat-exchanger system 
with an additional domestic water heat exchanger connected in 
parallel with the refrigerant lines between the compressor and 
four-way valve based on a three-heat-exchanger system of type B1, 
in which the two domestic water tanks were connected in the 
water loop (Fig. 20). 

The system provided not only the middle temperature water 
below 50 °C from the original domestic water tank with the latent 
heat released from the exhaust gas of the compressor in the heat 
pump water heating or space cooling/heat pump water heating 
modes, but also the high temperature water above 50 °C from the 
additional water tank with the high temperature sensible heat 
released from the exhaust gas in different operational modes. 

Tong [67] also described a four-heat-exchanger system with 
an additional domestic water heat exchanger connected in similar 
way but based on a three-heat-exchanger system of type C1, 
in which the high temperature water was used for dehumidification 
and reheat of the room air. 

Besides the original one, an additional domestic water heat 
exchanger was necessary for the type B or type C system to obtain 
the high temperature domestic water with the high temperature 
sensible heat from exhaust gas. Otherwise, the water temperature 
will not be so high if only the original domestic water heat 
exchanger is used because the temperature of the latent heat 
released from the exhaust gas is lower than that of the sensible 
heat. 


5 6 7 8 22 
ee 
3 | —— 
ci re ane — 
= = 
2s a VY z 21 
namm \ 9 20 
1 13 12 \11 \10 


Fig. 20. Schematic view of a four-heat-exchanger system with an high temperature domestic water tank heat exchanger based on a three-heat-exchanger system of type B: 
(11) compressor; (2, 5, 7, 11) solenoid valves; (3) four-way valves; (4) outdoor heat exchanger; (6, 12) check valves; (8) high temperature water tank; (9) middle temperature 
water tank; (10) expansion valves; (13) indoor heat exchanger; (20) water inlet; (21, 22) water outlet [66]. 
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4.2. Thermal storage systems 


In 2010, Yang et al. [68] introduced a four-heat-exchanger 
system with an additional thermal storage water heat exchanger 
connected in parallel with the outdoor heat exchanger after the 
four-way valve based on a three-heat-exchanger system of type 
B2, in which phase-change materials were used in the thermal 
storage tank for increasing the solar heat storage density (Fig. 21). 

The system not only provided all of the nine operational 
modes included in the above two-heat-exchanger systems and 
three-heat-exchanger systems, but also can fully take the advan- 
tage of solar heat by employing the phase-change materials in the 
additional domestic water heat exchanger. 

Refs. [69,70] were two similar four-heat-exchanger systems 
based on a three-heat-exchanger system of type B1 and type A1, 
respectively. The additional thermal storage tank with phase- 
change materials can be used for heat storage and cold storage 
with the off-peak electricity to save the operating cost in winter 
and summer time, respectively. 

However, the adoption of phase-change materials in the 
multifunctional heat pump will affect the stability of the cycle 


pd 


operation. Properties of phase-change materials, such as corro- 
sion, environmental characteristic, are much related to the 
economy of multifunctional heat pumps. Therefore, the feasibility 
of phase-change materials should be studied in applications. 


4.3. Supplementary heat source systems 


In 2003, Wang et al. [71] presented a four-heat-exchanger 
system of DX-SAHP with an additional collector/evaporator con- 
nected in parallel with the outdoor heat exchanger based on 
a three-heat-exchanger system of type A2, in which a refrigerant 
rectification module consisted of a receiver, a expansion valve, 
a filter-dryer and four check valves was employed (Fig. 22). 

The additional collector/evaporator was a key component for 
DX-SAHP, therefore, four heat exchangers were necessary for this 
system to provide the following six operational modes: common 
space cooling, common space heating, heat pump water heating, 
space cooling/heat pump water heating, solar assisted water 
heating and solar assisted space heating. 

A similar four-heat-exchanger system based on a three-heat- 
exchanger system of type Al was proposed in Ref. [72], in which 
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Fig. 21. Sketch of a four-heat-exchanger system with an additional hot water heat exchanger using phase-change materials based on a three-heat-exchanger system of 
type B2: (1) solar collector; (2) thermal storage tank; (3) outdoor heat exchanger; (4) compressor; (5) four-way valve; (6) indoor heat exchanger; (7) domestic water heat 


exchanger; (8) expansion valve; (9) domestic water tank; (10) water pump [68]. 
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Fig. 22. Schematic diagram of a four-heat-exchanger DX-SAHP system with an additional collector/evaporator based on a three-heat-exchanger system of type A2: 
(1) collector/evaporator; (2) four-way valve; (3) gas-liquid separator; (4) compressor; (5) domestic water heat exchanger; (6) domestic water tank; (7) solenoid valve; 
(8) indoor heat exchanger; (9) thermal storage tank; (10) check valve; (11) receiver; (12) filter-dryer; (13) expansion valve; (14) three-way valve; (15) outdoor heat 


exchanger [71]. 
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Fig. 23. Flow chart of a four-heat-exchanger DX-SAHP system with an additional collector/evaporator based on a three-heat-exchanger system of type B2: (1) compressor; 
(2) indoor heat exchanger; (3) domestic water tank; (4) collector\evaporator; (5) outdoor heat exchanger; (6) receiver; (7) filter-dryer; (8-11) expansion valves; (12) four- 
way valve; (13) gas-liquid separator; (14, 15) three-way valves; (16-19) check valves; (20-22) solenoid valves [73]. 
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Fig. 24. Schematic drawing of a four-heat-exchanger IX-SAHP system with an 
additional domestic water heat exchanger based on a three-heat-exchanger 
system of type A1: (1) compressor; (2) four-way valve; (3) solar collector; 
(4) collector fluid heat exchanger; (5) domestic water heat exchanger; (6) outdoor 
heat exchanger; (7) domestic water tank; (8) expansion valve; (9) indoor heat 
exchanger; (10) water pump; (11) auxiliary water heat exchanger; (12) water 
inlet; (13) fan; (14) collector fluid pump [74]. 


the additional collector/evaporator connected in parallel with the 
indoor heat exchanger, and then it results in the absence of 
the solar assisted space heating operational mode compared with 
the system in Ref. [71]. But the system can obtain both heat and 
electricity from the solar energy due to the photovoltaic cell 
component integrated in the collector/evaporator. 

In 2009, Wang et al. [73] introduced a four-heat-exchanger 
system of DX-SAHP with an additional collector/evaporator con- 
nected in parallel with the indoor and outdoor heat exchangers 
based on a three-heat-exchanger system of type B2, in which a 
refrigerant rectification module consisted of a receiver, a filter- 
dryer, four expansion valves and four check valves was employed 
(Fig. 23). Compared with the system in Ref. [71], it provided not 
only better refrigerant management but also two more opera- 
tional modes: hot water defrosting and solar water heating. 

In 2001, Liang et al. [74] proposed a four-heat-exchanger 
system of IX-SAHP with an additional solar collector fluid heat 


exchanger integrated in serial between the four-way valve and 
outdoor heat exchanger based on a three-heat-exchanger system 
of type A1, in which no refrigerant rectification module was 
employed (Fig. 24). From the discussions in Section 3, it has been 
known that the domestic water heat exchanger in the three-heat- 
exchanger system of type A1 can only function as the condenser 
but the evaporator. Therefore, an additional collector fluid heat 
exchanger is necessary for this system to provide the same six 
modes as the system in Ref. [73]. 

A similar four-heat-exchanger system based on a three-heat- 
exchanger system of type B2 has been proposed in Ref. [75], 
in which the additional collector fluid heat exchanger connected 
in parallel with the outdoor heat exchanger. The system provided 
the same modes as the system in Ref. [74], however, both of the 
systems cannot regulate the refrigerant mass and flow rate 
smoothly due to the absence of the refrigerant rectification module. 

In 2011, Wang et al. [76] described a four-heat-exchanger 
system of IX-SAHP with an additional collector fluid heat exchan- 
ger connected in parallel with the indoor and outdoor heat 
exchangers based on a three-heat-exchanger system of type C2, 
in which a refrigerant rectification module consisted of a receiver, 
a filter-dryer, three expansion valves, three solenoid valves and 
four check valves was employed (Fig. 25). 

From the discussions in Section 3, it has been known that the 
domestic water heat exchanger in the three-heat-exchanger 
system of type C2 can function as a condenser for the domestic 
heat pump water heating and also can function as evaporators for 
the solar assisted space heating. But in winter time, the water 
temperature will not be high enough for domestic usage if the 
system operates in the solar assisted space heating mode, and 
especially in severe winter conditions the water may be frozen. 

Therefore, the system employed an additional domestic water 
heat exchanger only functioned as a condenser for the heat pump 
water heating while the original collector fluid heat exchanger 
only functioned as an evaporator for the solar assisted space 
heating. It is a good method to solve this conflict for the multi- 
functional heat pump system to utilize the supplementary heat 
source, though the initial cost of the system will increase. 
The system can provided not only the same operational modes 
in the system of Ref. [74] but also the proper refrigerant management 
by the refrigerant rectification module. 


4.4. Recuperating systems 


In 2010, Jiang et al. [77] introduced a five-heat-exchanger 
system with a recuperator integrated into the refrigerant loop of 
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Fig. 25. Sketch of a four-heat-exchanger IX-SAHP system with an additional 
domestic water tank heat exchanger based on a three-heat-exchanger system of 
type C2: (1) compressor; (2,3) four-way valve; (4) indoor heat exchanger; 
(5) outdoor heat exchanger; (6) collector fluid heat exchanger; (7) collector fluid 
tank; (8) domestic water heat exchanger; (9) receiver; (10) filter-dryer; (11-13) 
solenoid valves; (14-16) expansion valves; (17-20, 25) check valves; (21, 22) fans; 
(23) collector fluid pump; (24) domestic water tank [84]. 


the CO- system based on a three-heat-exchanger system of type B2, 
in which an additional collector water heat exchanger for solar 
collecting was also connected in serial between the outdoor heat 
exchanger and original four-way valve (Fig. 26). 

The recuperator was a key component in the transcritical CO2 
system for heat exchanging between the high and low pressure 
CO- to improve the thermal performance of the heat pump. 

A second four-way valve was employed for the connection of the 
recuperator and other four heat exchangers to ensure the refrigerant 
going through the recuperator ahead of the expansion valve, because 
each of the other four heat exchangers may function as a condenser 
or an evaporator in different operational modes. A bypass line was 
employed for each of the heat exchangers in the system except the 
recuperator. The system provided all the operational modes as the 
system in Ref. [68] except the solar space heating mode. 

A similar four-heat-exchanger CO2 systems based on a three-heat- 
exchanger system of type B2 has been proposed in Ref. [78], in which 
a third four-way valve was employed and thus the two water heat 
exchangers in the system of Ref. [77] can be combined into one unit. 


4.5. Summary 


It can be found that the above multi-heat-exchanger systems were 
developed from the three-heat-exchanger systems by the integration 
of the high temperature water heat exchanger, or thermal storage 
heat exchanger, or collector fluid heat exchanger, or recuperator for 
further improving the heat pump performance. Though the config- 
uration of the system becomes more complicated, it indicates a trend 
of the development of multifunctional heat pumps. 


5. Conclusions 


The research on vapor compression heat pumps in China 
began in 1950s, but it is not until 1990s that the pace quickened 
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Fig. 26. Cycle layout of a five-heat-exchanger system with a recuperator inte- 
grated into the refrigerant loop of the CO, system based on a three-heat- 
exchanger system of type B2: (1) compressor; (2, 7) four-way valves; (3, 6, 10, 
12, 18, 19) three-way valves; (4) domestic water heat exchanger; (5) indoor heat 
exchanger; (8) recuperator; (9) expansion valve; (11) outdoor heat exchanger; 
(13) collector water heat exchanger; (14) receiver; (15) solar collector; (16) 
domestic water tank; (17) water pump [77]. 


up. At the end of 2000, the heat pump air conditioner became 
widespread as well as the water source heat pump air condition- 
ing systems. With growing concerns about worldwide energy and 
environmental sustainability, heat pump water heaters and solar 
water heaters became popular in China after 2000. The combina- 
tions between the heat pump air conditioner, heat pump water 
heater and solar water heater promote the rapid development of 
multifunctional heat pumps. 

The heat pump air conditioner was the fundamental compo- 
nent of a multifunctional heat pump. Versatile configurations of 
multifunctional heat pumps were evolved from the integration 
of the domestic water heat exchanger with the refrigerant loop of 
the heat pump air conditioner by various approaches. According 
to the amount of heat exchangers in the refrigerant loop, the 
multifunctional heat pump is divided into three categories in this 
paper as follows: (1) two-heat-exchanger systems; (2) three- 
heat-exchanger systems; (3) multi-heat-exchanger systems. 

The important operational modes included in the introduced 
multifunctional heat pumps can be summed up in Table 2, 
in which mode numbers are denoted as follows: (1) common space 
cooling; (2) common space heating; (3) heat pump water heating; 
(4) space cooling/heat pump water heating; (5) hot water defrost- 
ing; (6) solar assisted water heating; (7) solar assisted space heating; 
(8) solar water heating; (9) solar space heating. Other supplemen- 
tary heat sources can also be used as the solar energy. 

Mode (1) and Mode (2) are the two operational modes 
embodied in a heat pump air conditioner. Mode (3) is the 
operational mode of a heat pump water heater. Mode (8) and 
Mode (9) are the two operational modes included in a solar water 
heater. Mode (4)-Mode (7) are four energy saving operational 
modes generated from the combinations, which are the important 
features of the multifunctional heat pumps. 

From the above discussions, following conclusions can be derived: 


(1) Refrigerant loops of two-heat-exchanger systems are simple 
and reliable similar to those of heat pump air conditioners, 
but the compound heat exchanger or additional domestic 
water tank or the supplementary heat source should be 
employed, hence the second refrigerant loops become com- 
plicated to operate the various operational modes [22,24,26]. 
Therefore, two-heat-exchanger systems are more suitable for 
the large-size heat pump applications. 
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Table 2 
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Important operational modes of the introduced multifunctional heat pumps. 
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(2) Integrations of the domestic water heat exchanger and 
refrigerant rectification module in the refrigerant loop of the 
heat pump air conditioners evolved the three-heat-exchanger 
systems of type A, type B and type C. Though refrigerant loops 
become complicated, the second refrigerant loops were sim- 
plified to operate the various operational modes. Therefore, 
three-heat-exchanger systems are more suitable for the 
small-size or middle-size air source heat pump applications. 

(3) The systems of type A were the earliest proposed three-heat- 
exchanger heat pump systems, which are simple and practical 
in configuration, but their operational modes are limited 
because the domestic water heat exchangers cannot function 
as evaporators. Type A2 systems possess the potential super- 
ior thermal performance over type A1 systems. 

(4) The systems of type B were proposed after the systems of type A 
and can provide more operational modes because the domes- 
tic water heat exchangers can function as condensers or 
evaporators. Type B1 systems are simple in configuration, 


but their applications are confined due to the difficult in the solar water heaters. 
employment of the refrigerant receiver. Type B2 systems 
possess the potential superior operational reliability over 
type B1 systems, but their applications are also limited due Acknowledgments 
to the employment of expensive direct action solenoid valves. 


(5) The systems of type C were proposed after the systems of type B. 
The operational modes of type C1 systems are confined due to 
the same reason as type A systems. Type C2 systems provide the 


same operational modes as type B2 systems but with simpler no. 20090101110029). 
configurations and more reliable performance as type C1 sys- 
tems. From the view of the reliable and effective operations, type 
C2 systems are superior over type B2 systems. References 
(6) Multi-heat-exchanger systems were evolved from three-heat- 


exchanger systems by integrations of the functional heat exchan- 
gers in the refrigerant loops to improve the system performance, 
however, system configurations become complicated. 


Late in the 1970s, multifunctional heat pumps appeared in 
several American patents [79], but it seems no research paper on 


rittingeraward/Sidor/default.aspx >. 


[3] Zoelly H. Heizverfahren. Patent CH59350; 1912. 
[4] The Heat Pump. Available from: <http://what-when-how.com/inventions/ 
heatpumpinventions/»> [accessed 29.06.11]. 


the application of the multifunctional heat pump can be found. It 
was not until at the beginning of the 21st century, more and more 
theoretical and experimental research results have been reported 
in the international journals [80-89], in which most of the studies 
were conducted by Chinese researchers. 

Compared with the worldwide development of heat pump 
heating systems [5,6,90], solar water heaters [91,92] and solar air 
collectors [93,94], multifunctional heat pumps have not well 
developed yet. The configuration of a multifunctional heat pump 
is the key point for its application, because it fundamentally 
determines the initial cost, operating cost and operating relia- 
bility of the heat pump. It is reasonable to make a compromise 
between the simplicity of the configuration and the versatile 
operational modes in the design of the multifunctional heat pump 
under different application conditions. However, the promising 
characteristics of energy saving and high utilization ratio will 
stimulate the developments and applications of multifunctional 
heat pumps in China as prosperous as heat pump water heaters or 
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